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1 Final Publishable Summary Report 

1.1 Executive summary 

QCOALA is a collaboration between European companies and research organisations 
funded by the European Commission through Framework Programme 7 (FP7). The project 
has reached completion in July 2014 and had the objective of improving the laser welding of 
highly reflective materials, through the development of a dual wavelength manufacturing 
work cell. The project developed a new fully integrated manufacturing system for automated 
high yield, laser welding of copper and aluminium (weld penetration depths in the range of 
0.1-1.5mm). Welding strategies were developed to suit these types of applications and 
materials, and were integrated with process monitoring and non-destructive inspection 
sensors. The integrated QCOALA system was successfully demonstrated on two industrial 
applications: car battery and solar module electrical interconnections. 
 
The project focused on energy-efficient, environmentally-friendly and agile manufacturing, 
through feed-back of in-line-monitoring and inspection into the production line, allowing 
process control and continuous quality improvement and waste reduction. Whereas the 
concept of the project aimed at smarter and more energy-efficient manufacturing, the 
applications that were addressed in the project were categorised in the 'green' alternative 
energy market. 
 
The main technologies developed include the following 
 

 A dual wavelength (‘GreenMix’) laser system for thin sheet welding, tested on thin 
copper and aluminium electrical interconnections. The system has already been 
commercialised. 

 

 Weld Monitoring System (WMS) for 532nm and 1μm laser wavelengths was developed 
for the in-line quality monitoring of high quality laser welds in thin-gauge aluminium and 
copper.  The WMS measures the weld pool geometry and radiant power of the radiation 
emitted by the process. The capability of the WMS was investigated regarding the 
detection of the welding imperfections lack of fusion and incomplete penetration. In the 
spot welds of solar cell application a decrease of the weld pool size was observed by 
small variation of welding parameters. In the seam welds of the battery application a 
variation of the weld pool size was observed for small variation of welding parameters in 
copper/aluminium joints. Analysis of the samples by cross-sectioning shows a 
corresponding variation of the penetration depth. For these cases the monitoring of 
penetration depth by monitoring the weld pool area is possible. 

 

 Post-weld, in-line digital radiography and eddy current technologies were developed to 
detect small defects (up to sizes of a few tens of nm) in thin-gauge aluminium and 
copper interconnections, using modelling and experimental work. Defects that could be 
detected included internal porosity and cracks and surface defects (eg blow holes and 
cracks). 

 

 A laser welding processing platform with combined 1μm and 532 nm wavelengths, for 
the joining of: aluminium to aluminium, copper to copper and aluminium to copper 
material configurations, at thickness >1mm. 

 

 A laser joining platform with combined 1μm and 532nm wavelengths, for joining of 
charge collection tapes to contacts of CIGS flexible solar modules, at thickness <30μm. 

 
Benefits and Impact of the QCOALA technologies include: over 30 events attended and/or 
presented as well as 4 IPR outputs (2 patents, 1™, 1 Design). 
 

The above results will facilitate the introduction of advanced laser processing into 
mainstream manufacturing of electrical interconnection products. The integrated QCOALA 
technologies were successfully demonstrated on both the Flisom solar module and 
Volkswagen battery module applications. These systems demonstrated all the 
developments delivered by the project, including the dual-wavelength laser platform, the 
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monitoring systems and the digital interface. The impact on the production of the 
demonstrators, compared with conventional manufacture, was assessed. A project video 
was produced by the consortium and can be viewed on the QCOALA website 
(www.qcoala.eu). 
 
Within the project all the end users have been exposed to new innovative technologies and 
the project has focused on applying the advancements of these technologies to industrial 
applications that the end users would directly benefit from. 
 
The technologies being developed for thin sheet aluminium and copper welding have the 
potential of being scaled to larger joint sizes and applied to other applications requiring 
automation, in-process control and monitoring.  
 

1.2 Project context and objectives 

1.2.1 Project context 

The market for Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEVs) is growing 
rapidly, and, with this, the demand for electric batteries is growing to. Lithium-ion batteries 
require several stages of construction (Figure 1), with one particular stage requiring the 
joining of highly-conductive aluminium (or copper) busbars to the electrode cell ends of the 
battery. Laser welding is being considered for replacing the current mechanical screwing 
joining technique, which is considered too slow and produces too many imperfections. The 
cumulative aluminium weld area determines the electrical conductivity of the connection, 
and as such, the performance of the device. Laser welding offers the advantage of high-
speed, low heat input and low-distortion compared with more conventional resistance spot 
or TIG welding processes. 
 

 

  
 

 
 
Figure 1 Images of super-capacitor battery type (Images courtesy of Audi and Volkswagen). 

http://www.qcoala.eu/
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Flexible organic and inorganic solar modules are increasingly becoming important as an 
alternative source of energy (Figure 2). Although solar modules are a proven 
concept/product, many challenges remain in the production process of these flexible thin-
film solar modules. As part of the QCOALA project, flexible metal busbars, made of 
aluminium or copper, were welded to the cells to form modules. This allowed an accurate, 
low heat input process within the solar module, which is a very important aspect, since solar 
cells on <100μm thick foils are extremely fragile and sensitive to mechanical, chemical and 
thermal stress. Laser welding offered the advantage of a low chemical, thermal and 
mechanical impact (due to its temporally and spatially selective energy input) compared with 
the conventional ultrasonic welding and conductive adhesives. 
 

  
 

a) b) 

 
Figure 2 Images of flexible solar modules (Images courtesy of Flisom). 
 

1.2.2 Project objectives 

The objective of Quality Control of Aluminium and copper Laser-welded Assemblies 
(QCOALA) is a new dual-wavelength laser processing system for welding thin-gauge 
aluminium and copper with integrated process monitoring and in-line non-destructive 
inspection, and techno-economic analysis of this solution to provide a reliable, high-speed, 
low-cost and high-quality joining solution for electrical connections in solar and car battery 
modules.  
 
This project objective consist of:  
 

 A dual wavelength (‘GreenMix’) laser system, which has been developed and already 
commercialised. 

 Dual-wavelength laser platforms for welding copper and aluminium for electrical 
connections for solar and battery module applications, using fixed and scanning optics. 

 A weld process monitoring system (WMS). 

 An in-line, post-weld, eddy current (EC) and digital radiograghy (DR) defect inspection 
systems. 

 
Figure 3 shows the elements of the technology developments that have taken place within 
the project. 
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Figure 3 Interaction of technologies developed in QCOALA. 
 
The solar module and battery applications were addressed with two different laser platforms 
due to the difference in material thickness in the order of magnitude of 0.1 mm, and 1 mm 
respectively: 
 

 Pulsed laser platform for the solar module interconnections, with the Lasag 
GreenMix dual wavelength laser source integrated with the weld monitoring system 
(WMS) and the digital radiography (DR)  nondestructive testing system. 

 Hybrid continuous wave (CW) infrared (IR) fibre laser and pulsed green laser 
sources for the battery application, both laser beams delivered through the same 
dual wavelength processing head for the battery interconnections. The laser sources 
and process head were integrated with the WMS system, the EC and DR NDT systems. 

 
The integrated QCOALA technologies were successfully demonstrated on both the Flisom 
solar module and Volkswagen battery applications. However, the integrated QCOALA 
technologies have the potential to provide significant benefits, over conventional 
manufacturing methods, across a wider number of different applications, within Europe and 
the wider economic area. 
 
The consortium is composed of companies and research institutions with expertise in 
different domains, including laser system development, laser materials processing, quality 
monitoring and non-destructive weld inspection. 
 
The project had two demonstration activities of complete QCOALA systems: 
 

 The LASAG GreenMix dual wavelength laser source and scanning system integrated 
with the WMS and the digital radiography (DR) system focused on the solar module 
application. The demonstrator was located at Ruhr University Bochum (RUB) lab 
facilities, in Germany. 

 Hybrid CW-IR-laser (fibre) and pulsed green laser sources with dual-wavelength 
combining processing head focused on the battery module application. The laser 
sources and process head were integrated with the WMS system, the EC and DR NDT 
systems. The demonstrator was located at TWI lab facilities, in the UK. 
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1.3 Scientific & Technical Results/Foregrounds 

The technical approach of the project was to divide the project into eight Work Packages 
(WPs). The project started with a detailed specification of the products/applications that the 
QCOALA end users, Flisom and Volkswagen, wished to produce with the developed 
QCOALA technologies - WP1. These industrial requirements were then translated into 
technological developments on four distinct levels: 
 

 Laser system development – WP2. 

 Intelligent laser welding – WP3. 

 Process monitoring and quality assurance – WP4.  

 In-line weld inspection – WP5. 
 

In the final stages of the project, the developed technologies were integrated in order to 
demonstrate the capability and delivery of the three main QCOALA objectives: operation, 
productivity and autonomous operation (WP6). The final two work packages comprised of 
project management (WP7) and exploitation and dissemination of the created foreground 
(WP8).  
 
An evaluation of the QCOALA project results as a whole was carried out by the consortium 
assessing each result in terms of meeting the QCOALA objectives, generating IP and 
benefits to partners within the project. The QCOALA project results are listed below: 
 
1. A dual wavelength (‘GreenMix’) laser system, which has been developed and already 

commercialised.  
2. A dual-wavelength process laser platform for welding electrical connections in solar 

modules, using scanning optics. 
3. A dual-wavelength process laser platform for welding electrical connections in battery 

applications, using fixed optics. 
4. A weld process monitoring system. 
5. An in-line, post-weld, eddy current defects inspection system. 
6. An in-line, post-weld, digital radiography defects inspection system. 
 
The results were direct outputs from the technical work packages, WP2 – WP6. A summary 
of the work carried out in each WP and details regarding the results are presented in the 
following sections. 
 

1.3.1 GreenMix laser source 

The main aim of this work package was the development of a dual wavelength (‘GreenMix’) 
laser system with on-line temporal pulse capability for the remote welding of thin-gauge 
aluminium and copper interconnections. The approach comprised a pulsed laser source, 
capable of emitting two wavelengths out of one laser source (both the near-IR and the green 
wavelengths) with real-time temporal pulse control, to allow closed-loop monitoring. Dual 
wavelength scanning optics were developed in this work package. Contributors to this WP, 
led by Rofin-LASAG, were: TWI, RUB, FLISOM, Rofin-Lasag, Precitec, Safel, and 
Volkswagen. 
 
The objectives of WP2 were to: 
 

 Carry out a laser system technology assessment. 

 Demonstrate the efficient generation of GreenMix wavelengths (532nm and 1064nm) 
with standard pulse shaping capabilities. 

 Design and manufacture a QCOALA laser demonstration platform for the solar module 
application with on-line temporal pulse capability and dual-scanner for the welding of 
thin-gauge aluminium and copper interconnections. 
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Laser system technology assessment 
 
Because laser source and beam delivery technology has developed so quickly in recent 
years, a detailed review of the technology options was required to identify those system 
components that were suited for the applications and materials under investigation in this 
project. Specifically a detailed literature review on emerging laser system technology for 
laser beam welding of copper and aluminium was carried out. 
 
The outcome of the literature review and the technical discussions, involving the QCOALA 
consortium, was used to develop an outline of the work, conducted by Bochum University 
and TWI in WP3. Details of the activity conducted can be found in the deliverable report 
D2.1 Laser Technology Assessment (Reference PDB/gdp/068DR.11); this deliverable report 
comprises an outline of system components that were believed to be suited for the 
applications and materials under investigation in the QCOALA project were highlighted. 
 
Development of a GreenMix laser test platform 
 
A complete GreenMix Laser platform (Rofin-Lasag SLS GX 1500) based on a 3kW peak 
power laser beam was developed as part of Task 2.2 of the QCOALA project. The specified 
average and peak power, included both infrared (IR) and green wavelength, and the amount 
of green radiation was approximately 5-10% depending on peak and average power 
chosen. The specification of GreenMix final prototype system was: 
 

 Peakpower: 3 kW. 

 Average power: 15W. 

 Frequency: 3-10Hz. 

 Pulse duration: 0.5-10ms. 
 
More details of the activity can be found in deliverable report D2.5 Full GreenMix Laser 
Platform (Reference PdB114.12). 
 
At the starting stage of the QCOALA project, the original intention was to develop and use 
the GreenMix system for both the solar module and battery applications. However, in the 
course of the research activity, the developed GreenMix platform proved to be well suited 
for material thicknesses up to 200μm, which were more relevant to the solar module 
application. As consequence of this result, an alternative solution was proposed for the 
battery application (it was proposed to combine commercially available high power CW laser 
with a pulsed green wavelength q-switched laser, with both beams delivered through the 
same dual wavelength process head), while the laser development in WP2 focused on the 
development of the GreenMix system for the solar module application. 
 
Before shipment to RUB, the GreenMix system was intensively tested at the applications lab 
of Rofin-Lasag. All tests were made with the fixed optics processing head. The GreenMix 
laser became a commercially available product in July 2012. 
 
During validation and testing at the applications lab of Rofin-Lasag, the copper material 
configurations and thicknesses shown in Figure 4 were investigated with the SLS GX 1500 
laser. 
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Figure 4 Investigated weld configurations. 
 
All those configurations were also investigated and compared with an IR only laser. The IR 
parameters were optimized for each configuration. Some selected significant results are 
summarised in Figure 5 below. 

 
Figure 5 Comparison of different configurations welded with GreenMix and IR lasers. 
 
For all configurations the GreenMix laser showed superior results compared to the IR only 
laser. No incoupling could be achieved for the IR laser in the fillet weld configuration. In any 
case a good clamping fixture was a key factor for reproducible welds. The clamping fixture 
had to be designed such as there was no remaining air gap between the parts. Otherwise 
the molten pool either tended to overheat and form melt ejections, or no incoupling was 
taking place at all.  
 
To summarise, key benefits of the GreenMix system included: 
 

 Two wavelengths (IR 1064nm and green 532nm) out of one laser source. 

 Spot welding of highly reflective metals in micro-electronic products for aerospace, 
automotive, consumer, defence, medical and white good applications. 

 Welding with high repeatability and improved process efficiency. 
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Development of on-line temporal pulse control 
 
Real-time pulse control was realised to allow closed-loop monitoring of the process (in 
conjunction with WP4). This task reached completion at M24 (July 2012) of the project and 
details of the activity can be found in D2.3 (On-line temporal pulse control, Reference PdB 
DR112.fs.12). 
 
The on-line pulse shaping of the GreenMix pulse was based on Rofin-Lasag’s RTPS (Real-
Time-Power-Supply) technology, which is used for all Rofin-Lasag SLS CL and FLS CL 
lasers. The pulse shaping was used to control the thermal behaviour of the melt pool (ie, 
prevent Marangoni convection) during the weld phase. 
 
Figure 6 shows the temporal behaviour of the measured IR and resulting green pulses. The 
influence of the pulse duration (pulsdauer) of the initial pulse peak is given as well. The 
conversion efficiency (konversionseffizienz) from IR to green not only depended on the 
initial peak power, but also on pulse duration and therefore average power (Figure 6b).  
 

 
a) 

 
b) 
 
Figure 6 The temporal behaviour of the measured IR and resulting green pulses: 
a) Measured IR (green curve) and Green (violet curve) laser pulses; 
b) Conversion efficiency as a function of the duration of the initial pulse peak. 
 
A key outcome of the research carried out for the development of on-line temporal pulse 
control was the development of a new flashlamp allowing for a higher overshoot at the 
beginning of the laser pulse. The new flashlamps could deliver approximately 20% more 
peak power compared to standard Rofin-Lasag flashlamps. 
 

A-Scale 150% 
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Thanks to the development of new flash lamps, the peak power at the beginning of the laser 
pulse could be increased to further maximise the green conversion. The real-time power 
regulator of the GreenMix laser allowed a pulse shape to follow external signals with a 
minimum temporal increment of 50µs. 
 
 
Development of dual wavelength scanning optics 
 
The dual-wavelength scanner was assembled and integrated by Rofin-Lasag from 
commercially available components. The right choice of those components and making 
them work together was the most important contribution from Rofin-Lasag. 
 
On the electronics side the main development was to establish the communication between 
the GreenMix laser controller card and the dual-wavelength scanner. The communication 
between those modules was achieved via the programmable Rofin Control Unit (RCU) and 
some electronic circuits. A frequency divider was developed to divide the RCU signals down 
to reasonable frequencies for the GreenMix Laser (typically 3-10Hz). The RCU was 
programmed in a way to allow for seam and for spot welding. Figure 7 depicts the power 
supply of the scanner, as well as its control unit.   
 

 
 
Figure 7 Power supply and control unit for dual-wavelength scanner. 
 
On the optics side, a dual-wavelength incoupling unit was developed. This unit consisted of 
a beam collimator, an adjustable bending mirror, some adapter optics and a CCD camera. 
 
Some specifications regarding the scanning unit are outlined below: 
 

 The scanning head supplier: Scanlab, model: hurrySCAN30. 

 Dual wavelength scanner. Field size: 100x100mm. Focusing objective 163mm. 
Collimation 100mm. 

 Observation via CCD camera. VLM (Visual Laser Mark) Software CCD Camera is 
needed to find the focus. 

 VLM is the scanner software that allows to weld specific patterns. 
 
Further details on the technical specification of the scanning head can be sourced from The 
Scanlab website.  
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1.3.2 Intelligent laser welding – Know-how for laser welding copper and aluminium thin 
sheets 

The aim of WP3 was to develop robust laser welding procedures for welding aluminium-
based alloys and copper-based alloys interconnections to a pre-determined weld quality, 
which relate to both the specifications provided by the QCOALA end users (Flisom and 
Volkswagen) and the outcomes of the activity carried out as part of WP1.  
 
Contributors to this WP, led by TWI, were TWI, RUB, FLISOM, LASAG, Precitec, Safel and 
Volkswagen. 
 
The objectives of WP3 were: 
 

 Assess the effect of spot size, beam quality, laser wavelength (1064nm vs 532nm), 
pulse duration, pulse repetition rate, average and peak power, on the welding 
performance of aluminium and copper interconnections in terms of absorption efficiency, 
welding speed and weld quality (process stability). 

 Develop a tailored energy strategy to allow the development of on-line temporal pulse 
capability of the QCOALA laser demonstration platform (WP2) for the PV-cell 
application. 

 Develop a tailored energy strategy to allow the development of a dual pulsed green and 
cw IR capability of the QCOALA laser demonstration for the battery application. 

 Develop the optimum process parameter windows and establish welding strategies for 
high-quality welding of thin-film PV cell interconnections and electric battery Al and 
Copper interconnections. 

 
Welding performance assessment at 1064nm, using a pulsed laser source 

 
Although a lot of knowledge is already in the public domain on welding of aluminium and, to 
some extent, copper using 1064nm laser wavelength, laser system developments in recent 
years have produced characteristics of which, it is generally acknowledged, the influence on 
welding performance is not yet fully understood. It was therefore highly relevant that, at the 
start of the QCOALA project, a detailed welding performance assessment study was carried 
out for the welding of both thin-gauge aluminium and copper.  
 
Since the original plan of the QCOALA project was to use a pulsed laser platform for both 
applications, the study focused just on the use of a pulsed 1064nm wavelength. Specifically 
an investigation was carried out to determine the effect of spot size, beam quality, pulse 
duration, pulse repetition rate, average and peak power, on the welding performance, in 
terms of absorption efficiency, welding speed and weld quality. This part of activity was 
more relevant to the battery application and details can be found in the deliverable report 
D3.5 ‘1064nm Battery Process Definition’ (Reference Ref/IM/048R/fs.12). 
A LASAG FL 542 laser source was used. This laser source is considered state-of-the-art for 
a pulsed 1µm wavelength laser source and the two main advantages of the LASAG FL 542 
system, compared with other commercially available pulsed laser sources, were its peak 
power and pulse energy. The laser source had a peak power and maximum pulse energy of 
15kW and 70J respectively. The optical system produced a nominal calculated beam width 
of 500µm. The average power was limited to 400W. Work was performed on copper 101 
and aluminium alloy Al3003. For both materials, experiments with the LASAG FL 542 laser 
source were performed in two distinct phases: 
 

 Initially, Bead-on-Plate (BOP) spot melts were produced in order to determine the power 
density thresholds for melting and keyhole initiation (only single sector square pulses 
were used).  

 Based on the results achieved on the power density threshold experiments above, 
tailored pulse energies were applied to determine their effect on melt depth and melt 
width. Specifically pulses with a leading high peak power sector were applied to meet 
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the melting threshold, while different trailing sectors were tested in order to determine 
their effect on the resulting depth and width of the BOP spot melts.  

 
Table 1 gives a general overview of the thickness of the copper C101 and aluminium 3003 
materials processed with the laser sources used in this study. 
 
Table 1 General overview of thickness of copper C101 and aluminium 3003 processed with 
the equipment used. 
 

Material 
 
Thickness LASAG FL 542 

Copper C101 
 

1mm 
Keyhole initiation trials 

Aluminium 3003 
 

1mm 
Keyhole initiation trials 

 
 
Figure 8 shows the effect of changing the power density on melt depth when irradiating 
1mm thickness copper C101 and demonstrated the onset of the keyhole initiation at power 
density of approximately 59kW/mm². At the onset of keyhole initiation, it could be seen that 
the rate at which melt depth increased as a function of the power density changed 
significantly. Power densities of 30 and 59kW/mm

2
 were required to achieve melting and 

keyhole initiation in 1mm thickness copper C101 coupons respectively. 
 

 
Figure 8 The effect of changing the power density on melt depth when irradiating 1mm 
thickness copper C101. 
 
Figure 9 depicts the effect of changing the power density on melt depth when irradiating Al 
3003 with a 5J pulse energy. The curve demonstrated the onset of the keyhole initiation at 
power densities of approximately 21kW/mm². At the onset of keyhole initiation, it could be 
seen that the rate at which melt depth increases as a function of the power density changed 
significantly. The melt depth increase would normally be expected to continue with the same 
rate for bulk material. However, in this case, it is thought a lack of effective heat dissipation 
eventually dominated and energy deposited to the material achieved ablation and limited 
further conduction and growth. This effect was more evident in thin sheet material as heat 
sinking is further restricted in comparison to thicker workpieces. A line has been drawn on 
the graph to demonstrate the anticipated behaviour if this work was performed in material 
thicknesses above 1mm, or if ablation effects were suppressed.  
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Figure 9 The effect of changing the power density on melt depth when processing Al 3003 
with a laser pulse of 5J pulse energy. 
 
Welding performance assessment at 532nm 
 
This activity aimed at complementing the study carried out for the 1064nm wavelength, 
assessing the influence of wavelength on welding performance. 
 
Laser welding trials related to the battery application were focused on bead-on-plate melt 
runs and welds in 0.1-1mm thickness aluminium 3003 and copper C101 sheets and foils. A 
lamp pumped frequency doubled Nd:YAG laser, manufactured by Miyachi, was used. The 
Miyachi laser offered pulse durations in the msec range. 
 
The effect of green wavelength laser parameters (pulse duration, pulse repetition rate, 
average and peak powers) on the welding of aluminium and copper was investigated in 
terms of weld quality and process stability. Weld quality was evaluated by transverse cross-
sections allowing evaluation of weld profiles. Figure 10 shows an example of macro-section 
of a joint achieved between three copper foils, 0.1mm thickness. 

 

 
 

Figure 10 Spot lap weld of three copper foils using a 532nm wavelength laser system. 
 
Results with the green Miyachi system showed good reproducibility and process stability on 
both thin copper and aluminium samples. Specifically, major benefits were observed when 
processing copper, when comparing to results achieved using a pulsed 1064nm wavelength 
laser beam.  
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The use of a pulsed green msec laser appeared suitable for processing copper thin foils 
when a conduction limited mechanism was sufficient to produce a joint (up to ~0.3mm 
penetration depth). However, pulsed green laser systems, available at the time of the 
investigation were not able to perform welds with penetrations greater than approximately 
0.3mm (which were required for the Volkswagen battery application).  
 
The absorptivity of aluminium at 1064nm is approximately 4% less than that at 532nm. 
Cross sections of bead-on-plate melt runs on 1mm thickness aluminium plates, using both 
wavelengths, showed that there were no major differences, in terms of reproducibility and 
stability of the process (Figure 11) at the two different wavelengths. In terms of penetration, 
the green laser outperformed the 1064nm laser and the relative performance was larger at 
lower applied power density (Figure 12). A green wavelength might be considered therefore, 
for the welding of thin aluminium, however, the higher capital cost of the green laser, would 
need to be taken into account in any industrial application.  

 
 

 
 

Figure 11 Micrographs of cross sections of single spot melt runs, to compare effects of 
green (left) and IR (right) wavelengths using 1mm thickness aluminium plates: 
a) Samples 5a and 9a: pulse duration: 2.8msec, pulse energy: 4.0J, peak power: 1.5kW; 
b) Samples 6b and 10b: pulse duration: 3.1msec, pulse energy: 4.0J, peak power: 1.3kW; 
c) Samples 7b and 11b: pulse duration: 4.0msec, pulse energy: 4.0J, peak power: 1.0kW. 
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Figure 12 Penetration vs. power intensity of green (blue line) and IR-laser (red line) beams 
on Al. 

 
Trials performed on dissimilar materials (butt and lap welds) showed that all welds made 
were highly susceptible to intermetallic/brittle phase formation, which led to crack formation 
in the welds. The quality of welds in copper-aluminium dissimilar materials, achieved using a 
pulsed system, cannot be considered currently acceptable when compared to the quality 
requirements in the ISO standard BS EN ISO 13919-2. 
 
Development of tailored energy strategies  
 
Results on tailored energy strategies for solar module application 
 
For thin film material (in the range of several tens of micron), the welding process windows 
were found to be very tight. Once coupling was achieved, just a small amount of energy was 
needed for the welding process. One of the main reasons why laser spot-welding of copper 
and aluminium is very challenging is linked with the high reflectivity of these materials in the 
infrared range. Absorptivity, though, rises with material temperature. This is true for both 
aluminum and copper. For aluminum the highest absorption is at about 830nm (almost 10% 
more absorptivity). Investigations showed that using a 10W CW diode laser for pre-heating 
and a 1064nm pulsed laser source, with peak power in the kW range, for processing, 
increased the absorptivity significantly (Figure 13). 
 

a) 

 

Figure 13 Tailored laser set-up with diode laser and 1064nm Nd:YAG laser (a), change in 
absorptivity with and without preheating (b). 
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For aluminium welding it was also investigated whether the slight change in absorptivity, 
that can be observed when using the GreenMix laser system from Rofin-Lasag, would have 
an observable impact on the process. Trials with the GreenMix laser showed that there was 
an observable change in absorptivity which could be recognised by a decrease in energy 
needed for complete penetration.  
 
Heat distribution to prevent heat accumulation, using the GreenMix laser, could be improved 
by special adaptation of optical elements. An according optical and opto-mechanical design 
therefore was developed by RUB as part of the project. 
 
Laser welding strategies were applied on copper to aluminum joints, and the benefits in 
welding performance were observed when using the GreenMix laser. An example is 
reported in Figure 14, in which the better results achieved with the GreenMix, compared 
with the 1064nm wavelength, are evident. 
 
 

 
Figure 14 Overlap welding of aluminum and copper foils (50µm thickness); a) aluminum on 
topside welded with single wavelength 1064nm, b) copper on topside welded with 
GreenMix. 
 
Results on tailored energy strategies for the battery application 
 
From results of the investigation carried out in WP2, the GreenMix system was more suited 
for the solar module application than for the battery application. As consequence of this 
result, an alternative pulsed system was sourced for performing the research on tailored 
energy strategies for the battery application, specifically the following combined 532nm and 
1064nm pulsed laser sources were used: 
 

 A Lee Laser LDP 200 MQS laser, nsec pulse, 532nm wavelength. 

 A TRUMPF HL 204P/LCB laser, msec pulse, 1064nm wavelength. 
 
The Lee laser beam was mirror-guided to a workstation with one NC-axis. The focusing 
optic was fixed on to micro-slides to adjust the focal plane to the surface of the target. This 
was fixed with a top-down clamping device. The processing head of the 1064nm laser was 
tilted to avoid any back-reflection effect.  
 
Melt runs and welds were performed over a range of parameter combinations and 
processing conditions. The maximum achievable processing speed, to achieve a continuous 
seam weld was 0.5mm/sec, which was not compatible with welding speed requirements for 
the battery application (of the order of 6m/min). 
 
The transition from just surface effects on the workpiece to the formation of a keyhole, as 
function of the peak power intensity, was investigated with the 532nm source, first on 1mm 
copper C101 specimens.  
 
When the effects of 532nm and 1064nm laser beams were combined, results showed that 
weld penetration was clearly a function of IR peak power. Experiments were performed 
making sure that the two focused spots were concentric, so that the green light would create 
the keyhole and couple the process of the IR beam, creating a melted pool. Figure 15 
shows micrographs of bead-on-plate overlapping spot melt runs, in which laser conditions of 
the green laser were kept constant while varying the peak power at 1064nm, the latter 
delivered at 1Hz. 
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Figure 15 Micrographs of lap-welds (overlapping spots) with combined 532nm and 1064nm 
laser sources, joint between 0.5mm to 1mm thick Copper C101 plates. 
 
The effect of just 532nm light, just 1064nm light and combined wavelengths, was 
investigated and Figure 16 shows micrographs of the top surface and cross sections on a 
copper C101 plate, 1mm thick. It was possible to observe that, under the conditions 
investigated, the IR radiation had an effect on the copper only when combined with the 
532nm radiation. 
 

 
 
Figure 16 Micrographs of cross sections of single spot overlapping melt runs on copper 
C101, 1mm thickness, using: just 532nm laser beam (left image), just IR laser beam (centre 
image) and combined green and IR laser beams (right image). 
 
The experiments confirmed that the benefit of using combined wavelength occurs when 
532nm and 1064nm light are used at the same time. Any benefit disappeared if the 532nm 
light was not operating simultaneously with the 1064nm wavelength. This is shown in Figure 
17, where a melt run on copper C101 was started with both wavelengths used 
simultaneously but half way through the green radiation was stopped and just IR radiation 
was used. 
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Figure 17 Top-surface micrograph of single spot overlapping melt runs on copper C101. 
 
Figure 18 shows an example of X-Ray radiograph of a copper to copper lap-weld, with each 
sheet 1mm thick (side view). As it can be seen in this side view section, a significant amount 
of porosity and uneven surface of the weld occurred. Porosity was mainly spherical from 
about 0.1mm to 0.5mm in diameter. 
 

 
 
Figure 18 X-Ray radiograph of a copper to copper lap-weld. 
 
The results of the experiments illustrated above clearly showed a change in weld 
penetration depth when 532nm and 1064nm lights were used at the same time. Any benefit 
disappeared if the 532nm light was not operating simultaneously with the 1064nm 
wavelength. However, when combining 532nm and 1064nm the quality of the welds (in 
terms of porosity, occurrence of melt ejections and blow holes) did not meet the minimum 
quality requirements. Therefore, one of the key conclusions from this part of work was that a 
full pulsed welding platform (pulsed green and pulsed IR) was not suitable for stable laser 
seam welding of copper for the battery application. Furthermore, it was not possible to meet 
welding speeds of the order of 6m/min (in line with Volkswagen’s specifications).  
 
Welding of thin-film PV cell interconnections 
 
This part of the investigation concentrated on solar modules interconnections and samples 
provided by the end-user Flisom. The work focused on external connections via busbars. 
The welding of busbars to an aluminum or silver grid printed on the solar cell was 
investigated using the GreenMix platform.  
 
The investigations focused on the identification of the process windows for welding 
photovoltaic copper indium gallium (di)selenide (CIGS) flexible cell interconnections. 
Successful welding of busbars to solar modules was achieved. The solar CIGS flexible 
modules were provided by the end-user Flisom, the following joint configurations (details 
reported in D1.2 deliverable report ‘Refinement of QCOALA system specification’, 
reference: PDB/fs/108DR.12) were investigated during the laser welding experiments:  
 

 Joint 1 “Metal strip to metal strip”. 

 Joint 2 “Metal strip to conductive paste”. 
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 Joint 3 “Metal strip to thin film”. 
 
The busbars consisted of coated copper strips. The material was copper-ETP1, a special 
type of copper with high electric and heat conductivities. The thickness of the copper busbar 
strips was always 150µm. The busbar strips presented a width of 2mm. 
 
In Joint 1 metal strips were welded (single spot welds) from one sub-module to the other (lap 

joint) to establish series and/or parallel interconnects between sub-modules. The quality of the 
spot welds was inspected by preparing metallographic cross-sections. By varying the laser power 
and the pulse duration a process window was identified where the joint was stable and the 
underlying CIGS stack was not damaged.  

 
In Joint 2 an Ag grid was initially applied to the cells. A continuous strip acting as a busbar 
was then welded onto a conductive paste line. The experiments were carried out with both 
the fixed processing head and in addition by using the scanner. A stable process window 
was found for this joint configuration. 
 
In Joint 3 trials were carried out, but in every case full penetration through the complete 
stack was achieved and the solar module was destroyed. 
 
The most successful results were achieved for Joint 1 and Joint 2 configurations. 
 
The clamping system, to press the busbars to the solar modules and enable the welding, is 
shown in Figure 19. Two pneumatic cylinders used to apply the required pressure. On the 
right side the realisation is shown with a modified holder, in order to enable illumination for 
the weld monitoring system. 
 

  
 
Figure 19 Clamping system: Concept (left) and realisation (right). 
 
Figure 20 shows a micrograph of a weld cross-section of copper busbar to flexible solar cell 
module, representative of a good quality joint. 
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Figure 20 Micrograph of a weld cross-section Copper busbar to flexible solar cell module, 
representative of a good quality joint. 
 
Welding of electric battery interconnections 
 

At the end of year 2 of the project, a proposal was made to the European Commission for a 
major change to the part of the work programme associated with the electric car battery 
welding application. This proposal was necessary because the Rofin-Lasag GreenMix 
pulsed laser system did not prove to be able to produce the required output power to 
achieve the welding parameters needed for the battery application. As an alternative 
solution, it was proposed to combine a high power continuous wave laser with a pulsed 
green q-switched laser, with both beams delivered through the same dual wavelength 
process head. The Lasag dual wavelength pulsed laser developments were successful, 
however, for the solar module welding application.  
 
The activity on laser welding of electric battery interconnections used a hybrid CW infrared 
IR fibre laser and pulsed green laser sources delivered through the same dual wavelength 
processing head. 
 
The final objective was to deliver a stable process window for welding busbar to terminals 
connections for the battery application. 
 
Results on preliminary trials with a diode laser in conjunction with a q-switched 
green pulsed laser. 
 
Prior to delivery and integration of the pulsed q-switched green laser at TWI, Volkswagen 
performed preliminary trials with a diode laser in conjunction with a q-switched green pulsed 
laser. 
 
The equipment used was was: 
 

 A 5 kW Laserline LDF 5.000-40 diode laser (400µm focused minimum beam width). 

 A 35W average power LEE Laser LDP 200MQS pulsed q-switched green laser (100µm 
focused minimum beam width and maximum repetition rate of 10kHz). 

 
The beam from the diode laser was delivered by an optical fiber, the green laser beam was 
mirror guided. The focused beams of both lasers were overlapped in one focal point. A 
welding speed of up to 6m/min was used.  
 
Figure 21 compares the results achieved with just the diode laser (Figure 21a) and with the 
diode laser combined with the pulsed q-switched green laser (Figure 21b). It was possible to 
observe a significant increase in penetration depth when using the combined wavelengths, 
while only shallow surface melting was achieved with a pure diode laser, which is typical for 
heat conduction welding. 
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  a) 

 
  b) 

 
Figure 21 Transverse cross sections of bead on plate melt runs on copper C101 shhets 
(1mm thickness) produced with just diode laser (a) and with diode combined with pulsed q-
switched green laser (b).  
 
Results on trials with a pulsed q-switched green wavelength laser and a cw, high 
power, IR laser, delivered through the same Precitec dual-wavelength processing 
head. 
 
The laser platform used in the trials was a combination of a pulsed q-switched green 
wavelength laser and a cw, high power, IR laser. Specifically, the laser equipment was: 
 

 A CW IPG YLS 5000 Yb-fibre laser (1070nm wavelength). 

 A q-switched pulsed Rofin 53 PowerLine L 100 Nd:YAG laser (532nm wavelength). 
 
The emitted laser beams from the two laser sources were delivered through the same 
Precitec dual-wavelength processing head. The focusing lens of the dual-wavelength 
Precitec head was a special design for QCOALA and a first approach for combining the 
particular beam sources used. The unit was equipped to receive two optical fibres to deliver 
the beams, to combine them and then to focus them through the same lens. The delivery of 
the two laser beams delivered through the same dual-wavelength processing head made 
the welding platform compatible with an industrial manufacturing setup. 
 
Figure 22 shows images of the laser sources and the Precitec process head.  Some 
significant specifications of the laser equipment are reported in Table 2. 
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a) 

 
 
 
 
 
 
 

 
b) 

 
c) 

Figure 22 Images of the IR Yb-fibre laser from IPG, the q-switched green laser and the 
dual-wavelength process head: 
a) 5kW CW Yb-fibre laser (1070nm wavelength); 
b) 100W q-switched Nd:YAG laser (532nm wavelength); 
c) Precitec dual-wavelength process head. 
 
Table 2 Specifications of the IPG Multi-mode Yb-fibre laser and Rofin 53 PowerLine L 100 
q-switched green laser 
 

Laser IPG Multi-mode Yb-fibre laser  Rofin 53 PowerLine L 100 

Wavelength 1070 nm   532 nm 

Operation mode  Continuous wave Pulsed q-switched  performance at 
10kHz 

Pulse width (ns)  -   100 

Peak power (kW)  -  >80 

Average power (W) 5000 100 

Rep.rate (kHz) -   10 

Delivery fibre diameter (μm) 150 100 

Process head collimating 
lens focal length(mm) 

100  100 

Focussing lens focal length 
(mm) 

100  100 

Calculated beam spot size 
(μm) 

150   100 

 
The dual-wavelength head was equipped with adjustments which provided the option to 
change the position of the minimum focused beam diameter from both wavelengths, in the Z 
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direction, as well as to offset the 532nm and 1070nm wavelength beams in the X-Y plane. 
This control was used to introduce a separation between the two beams. Figure 23 shows 
an image of the welding platform. 
 

 
Figure 23 Welding platform. 
 
The dual-wavelength head (Figure 22c) was mounted on a 6-axis Kawasaki JS-030 robot; 
the robot was used to manipulate the Z position of the dual-wavelength head and to set the 
angle of incidence between the laser beam and the workpiece. The workpieces were moved 
during welding on an Aerotech X-Y table, programmable, to trigger the release of both 
532nm and 1070nm wavelength laser beams separately or combined.  
 
The welding parameters were initially investigated on battery terminals detached from the 
battery cells. For these samples a mechanical top-down clamping fixture, designed and 
manufactured by Safel, was used (Figure 24) 
 

.  
 LAS-D1723 
Figure 24 Image of mechanical top-down clamping fixture designed and manufactured by 
Safel. 
 
The developed welding platform was then transferred to battery terminals attached to the 
individual battery cells. For this system a second mechanical top-down clamping fixture, 
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designed and manufactured by Safel, was used to lap-weld the copper and aluminium 
battery terminals (6mm thickness) with the copper connector plates (1mm thickness). 
Images of the clamping fixture are shown in Figure 25. 

 

 
a) 

 
b) 
 

Figure 25 The clamping fixture: 
Side and top-view; 
Images of pneumatic top-down clamping fixture designed and manufactured by Safel. 
 
The laser welding platform was developed for two material combinations of the battery 
terminals: copper (1mm) to copper (from 3mm to 6mm) and copper (1mm) to aluminium 
(from 3mm to 6mm). The end-user (Volkswagen) requirements included copper to copper 
and copper to aluminium lap-welds with penetration depths greater than 1mm, defect-free 
welds and welding speeds of the order of 6m/min. 
 
Copper busbars were lap-welded to copper or aluminium battery terminals attached to the 
battery cells and Figure 26 shows an image of the 12 battery cells assembled to compose 
the module unit. Suitable process windows (reported in D3.4 deliverable report ‘Welding 
electric battery interconnections using a cw-pulsed laser platform’) were developed to put 
into practice the production of lap-welds for the battery demonstrator. 
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Figure 26 Image of the 12 battery cell module used for the demonstration. 
 
For verification of the process monitoring system, EC and DR inspection systems, the 
following samples were produced for quality evaluation: 
 

 Joint between the busbar and the terminal pin. 

 No joint between the busbar and the terminal pin. 

 Weld top-bead defects, such as melt ejections and blow holes (typical of the Copper-to-
Copper combination of materials). 

 Weld profile defects such as crack formation and porosity (typical of the Copper-to-Al 
combination of materials). 

 
This part of the investigation allowed a process window to be defined, as well as to 
understand better the complex behaviour of copper when processed by a laser source. 
 
 
Figure 27 and Figure 28 respectively show micrographs of copper to copper (a) and copper 
to aluminium (b) welded samples representative of good quality joints.  
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a) 

 
b) 

Figure 27 Representative of a copper to copper good quality joint. Weld top-bead (a) and 
transverse cross section (b) of copper to copper lap-welded sample. 
 

 
a) 

 
b) 
 
Figure 28 Micrographs of weld top-bead (a) and transverse cross section (b) of copper to 
aluminium lap-welded sample, representative of a good quality joint. 
 
The lap-weld experiments performed to join copper or aluminium battery terminals (6mm 
thickness) and copper busbars (1mm thickness) were evaluated by focusing on the quality 
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of the weld profile and on the productivity requirements addressed by the end-user 
Volkswagen. The quality of welds was also benchmarked against the EN ISO standard 
13919-2:2001, ‘Welding – Electron and laser beam welded joints – Guidance on quality 
levels for imperfections, Part 2’ (details reported in reported in D3.4 deliverable report 
‘Welding electric battery interconnections using a cw-pulsed laser platform’). 
 
For this application, important evaluation criteria include minimum spatter from the surface 
of the welds (to maintain a clean production environment), lack of blow holes in the case of 
copper to copper welding and minimised formation of cracks in the case of copper to 
aluminium dissimilar welding (the latter due to intermetallic phase formation). In addition, for 
maximised strength and electrical conductivity, another criterion was the width of the joint at 
the interface. 
 
It should be noted that the laser technology is a new approach for welding copper and 
aluminium for electrical connection in battery terminals, therefore, it has not been 
implemented for high volume production environments yet (existing joining procedures 
include mechanical screwing) and currently no-in house quality criteria for such joints fully 
existed at Volkswagen. 
 
Typical defects that were observed during the development stage of the welding platform 
(when parameters where outside the successful process window) were the following: 
 

 Blow holes and melt ejections for copper to copper welds (Figure 29). 

 Crack formation (Figure 30a) and porosity (Figure 30b) at the joint interface for copper 
to aluminium welds. 

 
 

 
Figure 29 Top-bead micrograph of copper to copper weld, showing an example of blow hole 
formation which could be avoided with the correct combination of laser parameters. 
 
 

 
a) 

 
b) 

 
Figure 30 copper to aluminium welds, showing an example of: 
a) Crack formation; 
b) Sub-surface porosity, both of which could be avoided with the correct combination of 
laser parameters. 
 
The welding platform produced welds of good quality for both joint configurations. The 
quasi-optimised parameters provided repeatable results. The quasi-optimised conditions 
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achieved for copper to copper lap-welds on battery dummies met the main requirements set 
by Volkswagen for the battery application, which included a weld penetration depth greater 
than 1mm and welding speeds of the order of 6m/min. Comparing the weld quality of the 
quasi-optimised condition, shown in Figure 27, against the criteria of the ISO 13919-2, it 
was possible to make the following observations: 
 

 No cracks occurred. 

 No surface blow holes were detected. 

 Interface weld width was greater than 0.8mm. 

 Crack formation did not occur, (at least after viewing under a magnification of 1mm). 

 Subsurface porosity was not observed. 
 
The quasi-optimised parameters achieved for copper to aluminium lap-welds of battery 
dummies met the main productivity requirements addressed by Volkswagen for the battery 
application, which included a weld penetration depth greater than 1mm and welding speeds 
of the order of 6m/min. Comparing the weld quality of micrographs shown in Figures 28 
against the criteria of ISO 13919-2, it was possible to make the following observations: 
 

 Crack formation was not greater than 0.4mm
2
. 

 No surface blow holes occurred. 

 In terms of subsurface porosity, the maximum pore size was less than 0.45mm.  

 Interface weld width was 0.6mm (the minimum value was 0.8mm weld width). 

 In the absence of radiographs of the welds, the sum of the projected area of the sub-
surface porosity was estimated taking into consideration the pores’ distribution in the 
longitudinal section taken in the middle of the weld, which was 0.03mm

2
.  

 
 

1.3.3 Weld Monitoring System 

Weld monitoring system is a proof-of-concept prototype that allows monitoring of laser 
welding online by high-speed videography and radiometry. The weld monitoring system 
consists of sensors, electronic equipment and software, as depicted in Figure 31.  

 

 
 
Figure 31 Weld monitoring system architecture. 
 
The operator interacts with the system through the user interface shown in Figure 32. The 
operator can, for example, configure sensor parameters and recording parameters, initiate 
and stop recordings. The records are saved in a MS Access database and can be queried.  
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Figure 32 Weld monitoring system: Graphical user interface. 
 

 
Laser welding of solar cells interconnections and battery interconnections has been 
monitored with the weld monitoring system and is reported in the following sections. 
 
 

1.3.4 Eddy Current (EC) Inspection System 

 
The eddy current system was able to detect lack of fusion through the cross section, less 
than 0.2mm in cross-section length at any point in the cross-section in copper welds of 
0.6mm thickness. Inspection of mixed aluminium and copper joints was more difficult, but 
still possible. Using a phase discrimination method enabled the proportions of the 
copper/aluminium mix in the weld to be estimated and surface flaws detected.  
 
A study of probe design established results for depth of penetration of eddy currents for 
small diameter probes, showing that this was dependent on the probe dimensions rather 
than the operating frequency, as is normally considered to be the case. Tapered probes 
were also investigated but theoretical studies showed that the induced current was 
dependent on the largest diameter. 
 
The chosen eddy current system for the QCOALA inspection was the EtherNDEVeritor 
instrument (Figure 33). This was chosen because it works directly with a laptop (Figure 34) 
and could be integrated easily with an inspection robot. The electronic equipment and 
software were purchased. The electronic system for integration with the robot is shown in 
Figure 35, and the sequence of operations in Table 3. The system was demonstrated on the 
battery application. 
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Figure 33 Veritor Instrument. 
 
 

 
 
Figure 34 Instrument with probe and laptop. 

 
 

 
Figure 35 Components of robotic eddy current inspection system. 
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Table 3 Sequence of operations (after welding pass, instrument values preset). 
 

Step Operation 

1 File named 

2 Robot goes to scan start 

3 Acquisition started on Veritor 

4 Signal (eg TTL level) sent from PLC to DIO to NULL EC software 

5 Signal sent from PLC to DIO to start data collection 

6 Robot starts scan 

7 Robot finishes scan 

8 Signal sent from PLC-DIO to stop data collection 

9 .txt file of data transferred from EC software to output 

10 Analysis carried out and sentence made(prior to start of next pass) 

 
The software was a Labview programme. All the relevant functions for operating the 
hardware system were controlled using a mouse and visualised on the screen. In this 
method a small electric current was induced on the weld surface and variations of this 
current, detected by the sensor, gave an indication of flaws in the welds. The eddy current 
probe scanned the welded area, produced an impedance display and gave an alarm when 
indications exceeded pre-defined threshold limits. 
 
Figure 36 shows an image of the complete eddy current system. The components other 
than the laptop were incorporated into a single system, so that the hardware was all inside 
the laser cell, and it could be operated from outside. 

 

 
 
Figure 36 Complete eddy current system. 

 

Development of user-interface for eddy current Inspection System 
 
The sequence of operations shown in Table 3 was extended to provide a double test. 
Initially the probe is balanced above the specimen, and the probe is then placed on the start 
of the weld. The indication on the screen is similar to Figures 37 and 38 and this gives the 
mix of copper and aluminium on a copper/aluminium weld. Ideal parameters were 
established and deviations from this indicated a fault condition. 
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The parameters of the inspection were then changed to inspect the surface and this detects 
surface imperfections such as cracks. The sensitivity obtainable depends on the surface 
roughness. 
 
The screen displays show that the various parameters of the eddy current tests were shown 
in the box on the right, and these could be preset by the operator once they were 
established for the particular test being carried out. The initial screen of the eddy current test 
was of a spot which appeared on pressing the null button. The scanning operation then 
started and if no change is detected the spot remained in the same place. If, however, a 
change occurs, such as the presence of a metal or of a flaw then the spot is deflected.  
 
The investigation focused on the detection of the following flaws:  
 

 (1) For copper to copper welds, which may suffer from the following flaws: 
o Surface porosity. 
o Sub surface porosity. 
o Lack of fusion/penetration. 

 

 (2) For copper to aluminium welds, which may suffer from the following flaws: 
o Too much mixing of the aluminium with the copper material resulting in formation of 

intermetallics and cracking.  
o Porosity (surface and sub-surface). 
o Lack of penetration. 

 
Examples of deflection for the first movement are shown in Figures 37 and 38. Basic data 
showing how the metal sorting is carried out is shown in Figure 37. Different mixes of the 
copper and aluminium appear between the two indications shown.  
 
An example of what happens when there is surface porosity is shown in Figure 38. Where 
the probe alights on a sample with porosity the indication was different. 
 
Figures 39 and 40 show a comparison of the indication from a good copper weld and one 
with surface porosity. The movement of the spot in the impedance plane display can be 
clearly seen. 
 
A similar effect is shown in Figures 41 and 42 for a copper/aluminium weld. In the case of 
Figure 37 cracks in the surface were visible due to the formation of intermetallics and these 
could be observed with the eddy current system; however the rough surface of the weld 
made this difficult. 
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Figure 37 Basic set-up showing indications when probe alights on copper and aluminium. 
Indications between the two show the mix. 

 

 
Figure 38 Indication when the probe alights on a pore. The deflection is smaller because of 
the pore and changes direction because of the edge. 
 
 
 

Above sample 

Copper 

Aluminium 
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a) b) 

 
Figure 39 Example of indication of a good copper to copper weld: 
a) Surface of sample G339 (good weld); 
b) Screen display on scan. 

 

 

 
a) b) 

 
Figure 40 Example of scan of a copper to copper weld with porosity: 
a) Surface of Sample G331; 
b) Indication on scanning the surface. 
 

 

 
 

a) b) 
 
Figure 41 Example of scan of good copper to aluminium weld: 
a) Surface of sample G325; 
b) Indication on scanning the surface. 
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a) b) c) 
 
Figure 42 Indication from a poor copper to aluminium weld: 
a) Surface of sample; 
b) Crack in surface; 
c) Indication. 
 
In addition to this, the alarm settings to indicate excursions of the spot were also 
established. This is shown in Figure 43. Any occasion where the spot comes out of the 
tolerance limit would trigger an alarm. This was set so that a certain flaw condition was not 
accepted (the acceptance criteria needed to be pre-determined). 

 

 
 
Figure 43 Alarm screen set up. 
 
Unfortunately the alarm system could not be pre-set for both the inspections due to 
limitations of the software. 
 
In order to get the position information (to relate to the weld monitoring system or the digital 
radiography system), the user interface needed position input from the scanning robot to be 
added to this. This was related to a time dependent output of the eddy current instrument 
which appeared as a .txt file.   
 
The eddy current system deployed on a simulated battery is shown in Figure 44. 
 
For the eddy current system the speed of the inspection is mainly limited by the time to 
change the instrument settings and re-balance the instrument before each scan. This could 
easily be reduced by making the software more efficient. 
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Figure 44 System deployed on simulated battery. 

 
 
To summarise: 

 

 A semi-automated eddy current system has been developed and constructed to inspect 
copper to copper and copper to aluminium lap-welds.  

 

 The work in WP5 has included studies of probe design which produced new insights 
regarding probe size and depth of penetration of eddy current probes.  

 
1.3.5 Digital Radiography Inspection System 

 
A prototype NDT digital radiography inspection system was designed and built with a stable 
micro focus based X-ray generator [20kV to 80 Kev] and 22 micron resolution radiographic 
detector. The digital radiographic set-up was qualified with the specially designed Image 
Quality Indicators (IQI Penetrameter) wire indicators. The system enabled detection of <15-
micron diameter size IQI wire indicators against the required target of 30micron resolution. 
During this period this equipment was used for carrying out an assessment of photovoltaic 
and battery terminal test pieces. This assessment included test samples of the thin 
materials that were provided by TWI and RUB from the laser process development carried 
out in WP3. The test samples had various forms of flaw defects in the welds. Transmission 
mode inspection techniques were used to carry out the investigation. A typical radiographic 
setup is shown in Figure 45. 
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Figure 45 Typical radiographic setup. 
 
Table 4 below details the hardware and equipment used for the trials along with the 
specifications. 
 
Table 4 Hardware and equipment used for the trials along with the specifications. 
 

Item no Item Details Specification 

1 
Micro-Focus X 
Ray Set 

Mounted on Metal Bracket 
80kV, 250uA, 33µm focal 
spot 

2 
Digital 
Radiographic 
Detector 

Mounted on Metal Bracket 
22µm resolution, carbon 
fibre active window 

3 
13 AL EN IQI 
Wire 

Image Quality Indicator 
Wire thicknesses (mm): 0.2, 
0.16, 0.125, 0.100, 0.080, 
0.063, 0.050mm 

4 
13 CU EN IQI 
Wire 

Image Quality Indicator 
Wire thicknesses (mm): 0.2, 
0.16, 0.125, 0.100, 0.080, 
0.063, 0.050mm 

5 
Computer 
System 

DR7800S-HR Digital 
Radiography System – 
Adapted for QCOALA 
applications 

 

6 
Software 
Application 
Package 

DR7800 Version 1.7.0  

7 
Radiation 
Cabinets 

1st Radiation Cabinet 
Compliant with all health 
and safety regulations 

8 Input interfaces As defined  

9 Output interfaces As defined  

10 
QCOLA 
Operational 
Processes 

As defined  

 
 
Figure 46 below shows preliminary overall integrated QCOALA block schematics. 
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Figure 46 Block schematics. 
 
CIT designed and developed pre-signal image processing software routines, to enable 
extraction of features from radiographic images and into an automatic flaw sizing module. 
Extensive testing and speed performance parameter optimisation were carried out during 
validation work on the accuracy of the presented results. The above were used during WP6 
System Demonstration and Integration phase process monitoring and in-line non-destructive 
inspection in the production environment.  
 

 
Figure 47 shows digital radiography systems developed by CIT for the battery and solar 
module applications respectively. 
 

 
a) 

 
b) 

Figure 47 Images of digital radiography system for: 
a) The battery application (image courtesy of TWI and CIT); 
b) The solar module application (image courtesy of RUB and CIT). 
 
Figure 48 and Figure 49 show a comparison between a sample where defects were 
detected and where no-defects occurred. This is shown respectively for the solar module 
(Figure 48) and battery (Figure 49) applications. 
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Figure 48 Comparison between a sample where defects were detected and where no-
defects occurred: 
This is shown for the solar module application. 
 
 

 
 
Figure 49 Comparison between a sample where defects were detected and where no-
defects occurred: 
This is shown for the battery application. 
 
Development of user-interface for digital radiography Inspection System 
 
This work package required a NDT Inspection system to be integrated into the QCOALA 
package that enabled the weld quality to be assessed, analysed and results generated. The 
block schematic produced is provided in Figure 50 below. 
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Figure 50 Block schematic of the control system. 
 
 
 
The following key functions were put in place: 

 Product profile creation, editing and retrieval. 

 Radiographic technique for the inspection of the product, which relates to the product 
profile. 

 Digital radiography X-ray control and Image acquisition in both auto/manual modes. 

 Customizable set-up of both pre and post signal processing, automatic defect 
recognition and tolerance levels for the weld under inspection 

 Archiving of the radiographic image, inspection data and analysis results. 
 
The output information comprised of the following: 

 The original radiograph image as captured 

 Output radiographic image after ADR analysis with highlighted defects where present 

 Table of defects found and their associated Pass/Fail categorization against preset 
allowable tolerance levels 

 Overall Pass/Fail decision on component/weld under inspection 
 
To fulfill the above requirements a user interface was developed. The screenshots from 
Figure 51 to figure 53 depict the functionalities that were created. 
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Figure 51 Screen shot of the Input module screen. 

 

 

 
 
Figure 52 Screenshot of the NDT analysis screen 
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Figure 53 Screen shot of the ADR profiling. 

 

 
 
 

1.3.6 PV-cell welding system demonstrator 

 
The integrated system consisted of the following parts: 
 

 GreenMix Laser System. 

 Scanner. 

 Weld Monitoring System. 

 Digital Radiography System. 

 Welding Platform. 
 
Figures 54 and 55 show the integrated system for demonstration. 
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Figure 54 Demonstration set-up. 
 
 

 
 
Figure 55 Laser system as part of the demo set-up. 
 
The welding platform performed the welding of busbars towards the solar modules in a 
semi-automated way; meanwhile the WMS recorded a video of each weld spot and 
analysed it afterwards. The inspection of the welds with the DR system was executed after 
the welding. 
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Monitoring with WMS 

Welds bearing the imperfection “lack of fusion/incomplete penetration” were identified and 
recorded with the WMS. In the analysis of the videos a smaller weld pool size was observed 
for welds with incomplete penetration.  
In Figure 56 the weld pool radius, as determined from WMS observations is shown for two 
welds. One of the welds had been classified as “acceptable” (507), the other as “reject” 
(207) due to lack of fusion of both weld partners. A clear difference in the calculated weld 
pool radius can be seen in the graph. 

 
Figure 56 Quality assurance with regard to lack of fusion by monitoring of the weld pool 
radius: 
Joint507 Pulse duration = 1ms / Laser power=0.25kW / Ascale=150%; 
NoJoint207 Pulse duration = 1ms / Laser power=0.25kW / Ascale=125%. 
 

1.3.7 Battery interconnection welding system demonstrator  

 
Battery interconnection welding system demonstrator consists of the following parts: 
 

 Pulsed green (532nm) laser source: Rofin PowerLine L 100 Nd:YAGcw  

 Continous wave infrared (1070nm wavelength) laser source: IPG YLS 5000 Yb-fibre 
laser. 

 Dual-wavelength processing head. 

 Weld monitoring system. 

 Eddy current system. 

 Digital Radiography System. 

 Welding platform. 
 

All equipment was integrated to be remotely controlled outside the laser cell. 
 
Figure 57 shows the integrated system for demonstration, while Figure 58 shows close up 
images of the individual systems that were integrated together. 
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a) 

 
b) 

 
Figure 57 Images of demonstration set-up. 
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a) 

 
b) 

 
c) 

 
Figure 58 Close up images of Eddy current probe: 
a) Digital radiography system; 
b) Dual-wavelength processing head; 
c) Weld monitoring system. 
 

1.3.7.1 Monitoring with WMS 

Full/partial penetration in bead-on-plate welding of copper 
 

Change of weld pool contour and process emission spectrum of copper due change of 
penetration were investigated. Bead-on-plate welds with varying work piece thickness were 
monitored online with illuminated imaging of the weld pool and spectrometry. During full-
penetration a 50% elongation of the weld pool in the welding direction was observed. The 
results indicate that weld pool contour is a viable quantity to detect full-penetration. This 
work has been published (Oezmert, Drenker, & Nazery-Goneghany, 2013). 

 
Penetration depth in bead-on-plate welding of copper 

 

Weld pool geometry and keyhole optical emission in the wavelength interval of 400-1100 nm 
are investigated with regard to how suitable they are for the detection of penetration depth in 
laser welding of copper Copper-ETP. Different penetration depths were induced by stepwise 
modulation of laser power in bead-on-plate welds. The welds have been monitored with 
illuminated high-speed videography of the work piece surface and spectrometry. Increase of 
the weld pool length (in direction of travel) corresponding to increase in penetration depth 
has been observed while no noticeable change was observed of the weld pool width 
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(transverse to the direction of travel). No significant lines were observed in the spectrum. 
The radiant power in VIS-spectrum was observed to increase with increasing penetration 
depth as well. This work has been published (Özmert, Neisser-Deiters, & Drenker, 2014). 

 
Lack of fusion and penetration depth in welding of copper/copper and copper/aluminium 
overlap welds 
 
In the battery interconnection welding system demonstrator the imperfections targeted for 
detection with the weld monitoring system are: 

 Lack of fusion, 

 Deviation of the penetration depth from nominal. 
 
The pursued approach is the monitoring of the weld pool surface geometry and radiant 
power of the radiation emitted during welding. Quality control is performed by checking the 
actual value vs predefined thresholds as shown in Figure 59 for weld pool geometry.  

 

 
 
Figure 59 Weld monitoring system quality control approach. 
 
The nominal laser power (P) and feed rate (v) for the battery application are: 
 

 Copper/copper joint:  P = 5000 W and v = 6 m/min 

 Copper/aluminium joint:  P = 4000 W and v = 6 m/min. 
 
Lack of fusion has been induced by approximately halving the laser power. In copper/copper 
welds a decrease in weld pool area was observed. In copper/aluminium at sufficiently low 
laser power for lack of fusion no weld pool was observed, increasing the laser resulted in an 
observed weld pool and penetration on the lower layer of aluminium. 
 
Variation in penetration depth was induced by varying the laser power and feed rate within ± 
20% in steps of 10% with regard to nominal welding parameters. The weld pool geometry 
and radiant power of the radiation emitted by the process have been measured with the 
weld monitoring system. The penetration depth has been measured by cross-sectioning the 
samples and imaging via microscope. In copper/copper welds no significant change of the 
penetration depth was observed. The observed weld pool area bears no significant change 
as well. In copper/aluminium welds a variation in penetration depth and a correlating 
variation in weld pool area have been observed. 

 
 

1.4 Potential impact 

 
The QCOALA project has demonstrated a dual-wavelength new laser platform for welding of 
thin-gauge aluminium and copper, with integrated process monitoring and in-line non-
destructive inspection. A reliable, high speed, low-cost and high-quality joining solution for 
electric car battery and solar module interconnections was provided 
 
The QCOALA end users have confirmed their interest in full implementation of the QCOALA 
integrated systems.   
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The QCOALA technologies were disseminated through approximately 30 Events attended 
and/or presented. Major foreground outcomes were 4 IPR outputs (2 patents, 1 ™, 1 
Design). The GreenMix, developed by Rofin-Lasag, is already a commercially available 
product. 
 
For both the solar module and battery interconnections applications, the techno-economic 
comparisons (between the fully integrated QCOALA laser platforms and the respective 
conventional manufacturing techniques) showed strong potential to reduce manufacturing 
cost and improving in-line quality control. Both end users of the QCOALA project, Flisom 
and Volkswagen, provided encouraging data, which outlined the advantages of 
implementing the QCOALA laser platforms into the planned production lines. 
 
It should also be highlighted that the laser technology is a new approach for welding copper 
and aluminium in a manufacturing environment and therefore, the QCOALA project allowed 
to demonstrate the suitability of the laser technology for processing copper and aluminium 
and its suitable implementation within high volume production environments. The 
technologies being developed for thin sheet aluminium and copper welding have the 
potential of being scaled to larger joint sizes and applied to other applications requiring 
automation, in-process control and monitoring.  
 

Techno-economic analysis 

The impact on the production of the demonstrators compared with conventional 
manufacture was assessed. Figure 60 shows an image of the battery module component on 
which the QCOALA system at TWI was demonstrated. 

 

 
Figure 60 Image of the battery module demonstrator component. 
 
An economic assessment was carried out to evaluate the validity in producing the battery 
module using the laser welding technology. The conclusion of the economic study was that, 
considering a shift with 450 module units, the laser technology is a cost effective process 
that can reduce the investment costs by 40% (compared to the conventional screwing 
technique). Furthermore additional benefits are: 
 

 Construction aspects: 
o No additional parts are required, such as screws and bolts. 
o Weight reduction of battery module units by 10%. 

 Manufacturing concept: 
o Welding speed of 6m/min results in reduction of necessary manufacturing stations 

and space requirement. 
o Reduced investment for realisation. 

 
Figure 61 shows a sketch example of two solar cell sub-modules on which the QCOALA 
system was demonstrated. The sub-modules were connected in parallel via a continuous 
metal strip. 
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Also in this case an economic assessment was carried out and Figure 62 reports the 
estimated yearly cost savings for different solar module sizes, in dependence of number of 
laser systems, for a 100 MW production line if busbar welding is used instead of adhesive 
tapes. 
 

 
 

Figure 61 Sketch of two solar cell sub-modules on which the QCOALA system was 
demonstrated. The sub-modules were connected in parallel via a continuous metal strip. 
 

 
 
Figure 62 Yearly cost savings, for different solar module sizes in dependence of number of 
laser systems, for a 100 MW production line if busbar welding is used instead of adhesive 
tapes. 
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1.5 Project website 

Since the start of the project QCOALA has had a dedicated website, www.qcoala.eu.This 
has been and will be in the future crucial to the dissemination objectives of the project. 
Internet is today the sole most efficient media of communication and thus it is our single 
most important dedicated disseminating tool. 
 
The site features two main goals: it functions as a source of information for the broader 
community of users and also as a vault of specific project information available only for the 
project partners. 
 
It is used not only to explain and promote the technology, either using general information or 
more detailed case studies information, but also to link the project to the partner’s 
community and other interesting sites and projects. 
 
Towards the end of the project a video showing the accomplishments of the project was 
produced and can also be viewed on the project website. The project website is maintained 
by TWI the Project Coordinator. 
 

1.6 References 

- Oezmert, A., Drenker, A., & Nazery-Goneghany, V. (2013). Detectability of penetration 
based on weld pool geometry and process emission spectrum in laser welding of 
copper. Physics Procedia.  
 

- Özmert, A., Neisser-Deiters, P., & Drenker, A. (2014). Detectability of penetration depth 
based on weld pool geometry and process emission spectrum in laser welding of copper 
. Proc. SPIE, 9135, S. 91351W-91351W-7. 

 
 

2 Use and Dissemination of Foreground 

2.1 Dissemination strategy 

The QCOALA dissemination strategy aims to generate information and technology from the 
results of the project and disseminate this by means of conferences and publications, and to 
develop and implement exploitation plans (including training) for each project beneficiary 
and potentially for the wider EU community. The main objective of the project is to develop a 
new laser processing system for the welding of thin-gauge aluminium and copper, with 
integrated process monitoring and in-line non-destructive inspection, and establish its 
capability to provide a reliable, high-speed, low-cost and high-quality joining solution for 
electric car battery and thin-film photovoltaic (PV) cell interconnections. Through fully 
integrated process ICT and Statistical Process Control (SPC), the new system will facilitate 
in-line quality control, as well as a higher level of automation in manufacturing, and thereby 
achieve higher yield and throughput, for both these high-in-demand applications. The 
QCOALA dissemination strategy is to ‘Widely promote the QCOALA project with its 
European dimension to a wide community of industry and the science base, followed by 
targeted dissemination to identified user groups to aid rapid exploitation of project output.’ 
 
The objectives of the dissemination activities are to reach as many potential users of the 
technology and/or know-how developed within the project, directly through the use of the 
technology or in the form of services and products available within the consortium team. 
Technology users are not always “users” the first time they get acquainted with it, since 
we’re talking about technology not well known for the general industry. We try to have a 
commercial approach over this, and systematically address “clients” with an adapted speech 
to their experience, helping them to focus on what this technology can bring to their 
business. 
 
The dissemination of QCOALA achievements is made at different levels and using different 
communication channels: national, European and worldwide. We are devoted to using the 

http://www.qcoala.eu/
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most efficient broadcasting tools that enables us to reach the small percentage of the 
population that will make the most out of this information. 
 
A workshop promoting the QCOALA technologies was scheduled in July 2014 and this was 
a significant opportunity to promote the project in the most beneficial environment for an 
R&D initiative. Different types of media will be created, and all the partners will contribute 
actively, knowing it would represent them as individuals and the consortium as a whole.  
 
The QCOALA project, being strongly devoted to technological aspects, has been widely 
disseminated through proper channels, not only by the dissemination manager, but also by 
the consortium partners. 
 
The dissemination activities will continue after the projects’ execution period, and will 
foremost be disseminated through the work the partners will endeavour in the immediate 
future, either through research topics that have been born during this project or the 
prosecution of a company strategic objective, that was consolidated during the project. 
 

2.2 Dissemination activities 

2.2.1 Web dissemination – website 

QCOALA’s dedicated website was created at the start of the project and is managed by TWI 
(www.qcoala.eu). The website is crucial to the dissemination objectives of the project. 
Internet is today the sole most efficient media of communication and thus it is our single 
most important dedicated dissemination tool. 
 
The site features two main goals: it functions as a source of information for the broader 
community of users and also as a vault of specific project information available only for the 
project partners. 
 
It is used not only to explain and promote the technology, either using general information or 
more detailed case studies information, but also to link the project to the partners’ 
community and other interesting sites and projects. Figure 1 shows a screenshot of the 
QCOALA homepage. 
 
 
 
Home 
The project 
Background 
Key objectives 
Approach 
Work packages 
Introduction 
All WP’s 
Partners 
All partners  
Case studies 
Contact us 
Links 
News 
Members’ area 
 
 
 
Figure 1 Screenshot of QCOALA homepage. 
 
 
The public area of the website gives background to the project and an overview of the 
consortium and the intended plan of work through the project. For each partner there is a 
description of the work they carry out and a link to their own company websites. The 
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members’ area (Figure 2) is used only by partners to enhance communication and the safe 
exchange of documents. To date it has been used as a depository for documents including 
presentations, minutes of meetings, deliverable reports, contact details etc. All information 
presented at all meetings can be found on the website and all relevant documents for the 
reporting periods can also be found there. 

 
 
 
 

 
a) 

 
b) 

 
Figure 2 Screenshot of QCOALA member area: 
a) Access page to member area; 
b) Access page to project files stored on website. 
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2.2.2 Media static - Posters, roll-ups and flyers 

Posters and flyers have been produced to disseminate the QCOALA system as a whole at 
the events and conferences attended, images of some examples are shown in Figures 3 
and 4.  
 

 
 
Figure 3 Example of QCOALA banner to disseminate the project. 

 

 

 

 



 

 55 

 
 
Figure 4 Example of QCOALA banner to disseminate the project. 
 
The low power Lasag GreenMix SLS GX 1500 laser was disseminated through the public 
area of the QCOALA website, trade fairs, seminars and conferences. 
 
Figure 5 shows pictures of the Laser presentation by LASAG at international fairs. 
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Figure 5 Pictures of the Laser presentation by LASAG at international fairs. 
 
Figure 6 shows an example of a flyer used to promote the GreenMix laser SLS GX 1500. 
 

  
 
Figure 6 Promotional flyer and data sheet of the SLS GX 1500 laser. 

 

2.2.3 USB sticks 

A total of 50 4GB USB sticks was produced featuring a double sided design with the 
QCOALA logo and the project website address, with contents of the following information: 
low resolution posters and flyer pdf files, a marketing video promoting the developed 
technologies and links to all the project partners and QCOALA’s website. 
 

The sticks main objective was the dissemination at workshop with industry at TWI on the 9
th
 

July 2014, where they were distributed to specific contacts.  
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Figure 7 Image of promotional QCOALA USB sticks. 
 
 

2.2.4 Scientific publications 

The list of scientific publications is summarised in table A of the PUDF below. 
 

Table A – List of scientific publications  

Dates 
 

QCOALA 
Representative Type Venue Name of event 

8-10 June 

‘10 

LASAG Conference Stuttgart, 

Germany 

Stuttgarter lasertage 

26-30 Sept 

‘10 

LASAG Conference Orlando, USA ICALEO 

22-27 

Jan’11 

LASAG Conference Anaheim, USA Photonics West 

28-30 Mar’ 

11 

LASAG Conference Germany Eco Photonics 

22-26 

May’11 

LASAG Conference Fϋrth, Germany Laser World of Photonics, 

uLEF 

14-16 Sept 

‘11 

TWI Conference Paris, France Journée Nationales des 

Procédés Laser Pour 

I’industrie (presenter Paola 

De Bono) 

12 Oct ‘11 TWI Conference Cambridge, UK Automotive Industry – 

Meeting future challenges 

(presenter Norman 

Stockham) 

21 Nov ‘11 TWI Conference Chongqing, 

China 

TWI Laser conf event 

(presenter TWI) 

29 Nov ‘11 TWI Conference Tokyo, Japan TWI Laser conf event 

(presenter TWI) 
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Table A (continued) – List of scientific publications  

Dates 
QCOALA 
Representative Type Venue Name of event 

2011 LASAG Journal Laser + 

Produktion 

n.a Rϋttiman C, Dϋrr  U, 

‘Effizientes Laserschweisen 

von Kupfer’ 

Laser+Production, p18-20, 

Hanser Verlag 2011 

2011 LASAG Journal 

Mikroproduktion 

n.a Rϋttiman C, Dϋrr  U, 

Moalem A, ‘Laserschweisen 

von Kupfer im 

Wellenlangenmix, 

Mikroproducktion 03/11, 

p.10-15, VDMA Mircro 

Technology, 2011 

28-29 Feb 

‘12 

LASAG Conference Duisburg, 

Germany 

DKI Seminar 2012 

28-29 Sept 

‘12 

LASAG Conference LEF, Fϋrth, 

Germany 

Rϋttiman C, Dϋrr  U, Stuker 

F, ‘ Der Wellenlangenmix – 

eine Losung 

reproduzierbares 

Lasersschweissen von 

kupferwerkstoffen’, laser in 

der Elektronikproduktion & 

Feinwerktechnik, 

Tagungbang: LEF 2012, 

Meisenbach Bamberg 2012 

14-15 Mar 

‘12 

LASAG Conference Thun, 

Switzerland 

ALT 2012 

25-28 Sept SAFEL Conference Besancon, 

France 

Micronora International 

Microtechnology Trade Fair 

2012 LASAG Hitech Journal n.a. ‘Roffin-Lasag: Pioneers in 

laser welding of copper’, 

hitech 2/2012, p26-27, 

Stampfli Publikationen AG, 

2012 

2012 LASAG Laser + 

Photonics 

Journal 

n.a. Rϋttimann C, Dϋrr U, 

‘Efficient laser welding of 

copper, Laser + Photonics, 

p70-72, Hanser Verlag, 

2012 

2012 LASAG EuroLaser 

Journal 

n.a. Kogel G, ‘Kupfer 

schweissen wie Stahl, 

Eurolaser 04/2012 
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Table A (continued) – List of scientific publications  

Since 2011 RUB University 

Lectures 

Bochum Germany QCOALA results are 

subject of the lectures 

by Prof. Ostendorf, 

RUB 

2013 TWI Conference Miami, USA De Bono P,  Hilton 

PA, Blackburn J, 

Smith SMS, 

Investigation on the 

laser Welding 

Process of Tin 

Phosphor Bronze 

15.05.2013 ILT Paper Munich, Germany Özmert A, Drenker A, 

Nazery V, 

Detectability of 

penetration based on 

weld pool geometry 

and process emission 

spectrum in laser 

welding of copper. 

Physics Procedia 41 

502-507 (2013) 

15.05.2013 ILT Presentation Munich, Germany Approaches for 

Quality Assurance 

and Dual Wavelength 

Processing for Laser 

Welding of Copper, 

Alp Ozmert and 

Markus Kogel-

Hollacher, Fraunhofer 

ILT & Precitec 

27.06.2013 ILT Scientific 

presentation 

JNPLI: Journées 

Nationales des 

Procédés Laser pour 

I’Industrie, Yutz, 

France 

‘Soudage du cuivre 

par laser: corrélation 

entre le spectre émis 

et las morphologie du 

cordon’; Alp Özmert 

2012 RUB Scientific 

presentation 

ICALEO 2012, 

Anaheim, USA 

Lasers in Thin Film 

Photovoltaic; Kerstin 

Kowalick 

2013 RUB Scientific 

presentation 

ICALEO 2013, Miami, 

USA 

Laser Joining of 

Charge-Collection 

Tapes onto CIGS 

Photovoltaic Modules; 

Ralf Nett 
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Table A (continued) – List of scientific publications  
 

Dates 

 

QCOALA 

Representative 

Type Venue Name of event 

2013 SAFEL Exhibitor at 

industrial 

meeting 

JNPLI: Journées 

Nationales des 

Procédés Laser 

pour I’Industrie, 

Yutz, France 

‘Move from electron 

beam to laser 

welding’. 

2013 SAFEL Exhibitor at 

industrial 

meeting 

Geneve, 

Switzerland 

EPMT : Professional 

Environment Micro 

Technology 

2013 SAFEL Exhibitor at 

industrial 

meeting 

Paris, France SIAE ‘LE BOUGET’ : 

International Micro 

Technology 

2013 LASAG Article  Industrial Laser 

Solutions Volume 

28, issue 5 

‘Reproducible 

copper welding’ 

19-21 

March 

2013 

LASAG International 

Fair 

Laser World of 

Photonics, China 

2013, Shanghai,  

Presentation of 

Green laser System 

10-12 April 

2013 

LASAG International 

Fair 

Photonix Japan 

2013, Tokyo 

Presentation of 

Green laser System 

13-16 May 

2013 

LASAG International 

Fair 

Laser World of 

Photonics 2013, 

Munich, Germany 

Presentation of 

Green laser System 

14-17 April 

2014 

ILT Conference SPIE Photonics 

Europe 2014, 

Brussels Belgium 

Detectability of 

penetration depth 

based on weld pool 

geometry & process 

emission spectrum 

in laser welding of 

copper, paper, Alp 

Özmert, Paul 

Werner Neisser 

Deiters, Alexander J 

Drenker 
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2.3 Exploitable knowledge  

An exploitation strategy has been produced by the QCOALA Consortium to ensure the 
sustainability of the project and its results beyond its lifetime. The exploitation strategy is 
designed to reach broader than the target group, namely to ensure that relevant 
stakeholders at all levels (European, national, regional and local) are informed about the 
project results and to recommend and use the results. 
The exploitation strategy will be based, accordingly to the proposal, “on two essential tools”, 
which are ICT-based tools and networking. 
 
The following exploitable results have been generated from the QCOALA project: 

 Dual Wavelength-Laser for reliable spot welding of copper 

 Dual-wavelength laser welding head with sensor interfaces 

 Know-how for laser welding copper and aluminium thin sheets (monometallic and 
dissimilar joining). 

 Indirect measurement of penetration depth in continuous-wave welding of copper for 
quality assurance. 

 Eddy Current Inspection of Battery Electrode Welds. 

 Thin wall material NDT digital radiography inspection system. 

 Welding of busbars on flexible solar modules 

 Laser welded battery terminal connection with copper materials for weight and volume 
optimisation. 

 
Table A1 below summarises the main points regarding innovation, customers target and 
benefits, identified for each of the exploitable results generated within the QCOALA project. 
 
Table A1 Innovation, customers’ target and benefits identified for exploitable results 
generated within the QCOALA project. 
 

Exploitable result 1 Dual Wavelength-Laser for reliable spot welding of copper 
 
Innovation 

 Single laser source capable to deliver Green and IR wavelength 
at the same time. Proportion of Green and IR radiation is set 
online via pulse shaping. 

 
Customers target 

 Electronics industry (Ribbon and wire bonding). 

 Solar industry (thin film bonding). 
 
Benefits 

 More reliable and reproducible copper welding process. 

 Higher yield, less pre-processing costs. 
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Table A1 (continued) – Innovation, customers’ target and benefits identified for exploitable 
results generated within the QCOALA project. 
 

Exploitable 
result 2 

Dual-wavelength laser welding head with sensor interfaces 
 

Innovation 
Using green laser radiation improves the quality of laser welding of copper 
because of the higher absorption of this wavelength. The dual-wavelength 
laser welding head provides the facility to combine the green and infrared 
laser wavelength for high quality laser welds even in thicker materials. 
Additionally all interfaces are offered to attach sensor systems for in-process 
quality monitoring. 

 

Customers target 

 End-users 

 Machine integrators 

 R&D facilities  
 

Benefit 
Quality enhanced for laser welding of copper. Reproducible results and less 
quality fluctuations 

Exploitable 
result 3 

Know-how for laser welding copper and aluminium thin sheets 
(monometallic and dissimilar joining). 
 

Innovation 
The laser process development allowed to develop a tool or procedure for 
assisting in equipment and process selection for micro laser welding of 
copper and aluminium for electrical connections. A dual-wavelength laser 
welding head was used to deliver combined green and infrared laser 
sources, due the perceived innovative capability of this system to address 
the battery application, in terms of penetration and welding speed required. 

 

Customers target 
The transport sector as well as other industry sectors involving electronic 
assemblies using Copper and Al materials. 
 
Benefits 

 Quality enhanced laser welding of copper (monometallic) and copper to 
copper dissimilar joining. 

 Reproducible results and less quality fluctuations. 

 A tool procedure to guide industry on selection of the appropriate 
process window to laser weld copper and aluminium thin sheets (eg 
reduced formation of melt ejections, blow holes). 

Exploitable 
result 4 

Indirect measurement of penetration depth in continuous-wave welding 
of copper for quality assurance. 

 

Innovation: Indirect measurement of penetration depth is researched by 
analysing the relationship of penetration with measurable process quantities 
such as radiation in visible spectrum or dimensions of the liquid material. The 
investigation results are novel for this wavelength of the laser radiation and 
material, due to the intricate nature of laser welding. 

 

Customers target 

 OEM. 

 End-users. 

 Machine integrators. 
 

Benefits 

 Assuming enough accuracy and precision of the measurement technique 
for an application, the weld can be quality assured synchronously with 
the processing with regard to penetration depth. After further research 
closed-loop controls can enable welding of new geometries requiring 
rapid adjustment, e.g. of laser power. 
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Table A1 (continued) – Innovation, customers’ target and benefits identified for exploitable 
results generated within the QCOALA project. 
 

Exploitable result 5 Eddy Current Inspection of Battery Electrode Welds. 
 
Innovation 
Eddy current probe design (micro sized coils), operating procedure 
for thin metal welds. 
 
Customers target 
Users of critical laser welds on thin non-magnetic materials or 
coatings. 
 
Benefit 
Improved inspection allowing operation for thin materials in more 
critical conditions. 

Exploitable result 6 Thin wall material NDT digital radiography inspection system 
 
Innovation 
The ability to inspect laser welded thin material made of Aluminium 
or copper or composite material can be inspected with this 
technology. 
Customers target 

 Solar panel manufactures. 

 Aircraft manufacturing companies using composite material 
products. 

 
Benefit 
Improvement in product quality with reduced cost or ownership. 
Risk mitigation with evidence of product quality that reduces liability 
protection. 

Exploitable result 7 Welding of busbars on flexible solar modules 
 

Innovation 
Welding of busbars on flexible solar modules to collect and extract 
the current. 
 
Customers target 
Manufacturer/Buyer of solar modules. 
 
Benefit 
Improved and more stable contacting of the busbar with the solar 
modules. 

Exploitable result 8 Laser welded battery terminal connection with copper 
materials for weight and volume optimisation 
 
Innovation 
Laser welding process by using the combination of a green q-switch 
laser and a high power continuous infrared laser for high volumes 
productions with In-line weld inspection for welding quality of battery 
terminals  
 
Customers target 
High volume battery system manufacturer 
 
Benefits 

 Laser welding of copper with high process stability 

 Economical production of connected battery cells for high 
production rates 
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3 Report on Societal Implications 

Replies to the following questions will assist the Commission to obtain statistics and 
indicators on societal and socio-economic issues addressed by projects. The questions are 
arranged in a number of key themes. As well as producing certain statistics, the replies will 
also help identify those projects that have shown a real engagement with wider societal 
issues, and thereby identify interesting approaches to these issues and best practices. The 
replies for individual projects will not be made public.
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A General Information (completed automatically when Grant Agreement number is 

entered. 

Grant Agreement Number: 
 
260153 

Title of Project: 
 
Control of Aluminium laser welded assemblies 

Name and Title of Coordinator: 
 
Paola De Bono. TWI Ltd 

B Ethics  

 
1. Did your project undergo an Ethics Review (and/or Screening)? 

 

 If Yes: have you described the progress of compliance with the relevant Ethics 

Review/Screening Requirements in the frame of the periodic/final project reports? 

 

Special Reminder: the progress of compliance with the Ethics Review/Screening Requirements should be 

described in the Period/Final Project Reports under the Section 3.2.2 'Work Progress and Achievements' 

 

NO 

 
0Yes 0No 

2.      Please indicate whether your project involved any of the following issues (tick 

box) : 

YES 

RESEARCH ON HUMANS 

 Did the project involve children?  No 

 Did the project involve patients? No 

 Did the project involve persons not able to give consent? No 

 Did the project involve adult healthy volunteers? No 

 Did the project involve Human genetic material? No 

 Did the project involve Human biological samples? No 

 Did the project involve Human data collection? No 

RESEARCH ON HUMAN EMBRYO/FOETUS 

 Did the project involve Human Embryos? No 

 Did the project involve Human Foetal Tissue / Cells? No 

 Did the project involve Human Embryonic Stem Cells (hESCs)? No 

 Did the project on human Embryonic Stem Cells involve cells in culture? No 

 Did the project on human Embryonic Stem Cells involve the derivation of cells from Embryos? No 

PRIVACY 

 Did the project involve processing of genetic information or personal data (eg. health, sexual 

lifestyle, ethnicity, and political opinion, religious or philosophical conviction)? 

No 

 Did the project involve tracking the location or observation of people? No 

RESEARCH ON ANIMALS 

 Did the project involve research on animals? No 

 Were those animals transgenic small laboratory animals? No 

 Were those animals transgenic farm animals? No 

 Were those animals cloned farm animals? No 

 Were those animals non-human primates?  No 

RESEARCH INVOLVING DEVELOPING COUNTRIES 

 Did the project involve the use of local resources (genetic, animal, plant etc)? No 

 Was the project of benefit to local community (capacity building, access to healthcare, education 

etc)? 

No 

DUAL USE   

 Research having direct military use No 

 Research having the potential for terrorist abuse No 
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C Workforce Statistics  

3.       Workforce statistics for the project: Please indicate in the table below the number of 

people who worked on the project (on a headcount basis). 

Type of Position Number of Women Number of Men 

Scientific Coordinator   1 1 

Work package leaders  1 6 

Experienced researchers (ie PhD holders)  4  17 

PhD Students  1  1 

Other  2  25 

4. How many additional researchers (in companies and universities) were 

recruited specifically for this project? 

1 

Of which, indicate the number of men:  

 

 

1 
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D   Gender Aspects  

5.        Did you carry out specific Gender Equality Actions under the project? 

 

 

 

Yes 

No  

6. Which of the following actions did you carry out and how effective were they?  

   Not at all 

 effective 

   Very 

effective 

 

   Design and implement an equal opportunity policy      
   Set targets to achieve a gender balance in the workforce      
   Organise conferences and workshops on gender      
   Actions to improve work-life balance      
   Other:  

7. Was there a gender dimension associated with the research content – ie wherever people were the 

focus of the research as, for example, consumers, users, patients or in trials, was the issue of gender considered 

and addressed? 

   Yes- please specify  

 

   No  

E Synergies with Science Education  

8.        Did your project involve working with students and/or school pupils (e.g. open days, 

participation in science festivals and events, prizes/competitions or joint projects)? 

   Yes- please specify  

 

   No 

9. Did the project generate any science education material (e.g. kits, websites, explanatory 

booklets, DVDs)?  

   Yes- please specify  

 

   No 

F Interdisciplinarity  

10.     Which disciplines (see list below) are involved in your project?  

   Main discipline
1
:  

   Associated discipline
1
:    Associated discipline

1
: 

 

G Engaging with Civil society and policy makers 

11a        Did your project engage with societal actors beyond the research 

community?  (if 'No', go to Question 14) 

 

 

Yes 

No  

11b If yes, did you engage with citizens (citizens' panels / juries) or organised civil society 

(NGOs, patients' groups etc.)?  

   No 

   Yes- in determining what research should be performed  

   Yes - in implementing the research  

   Yes, in communicating /disseminating / using the results of the project 

                                                      
1
 Insert number from list below (Frascati Manual). 

Material for lectures at RUB University 
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11c In doing so, did your project involve actors whose role is mainly to 

organise the dialogue with citizens and organised civil society (e.g. 

professional mediator; communication company, science museums)? 

 
 

Yes 

No  

12.    Did you engage with government / public bodies or policy makers (including international 

organisations) 

   No 

   Yes- in framing the research agenda 

   Yes - in implementing the research agenda 

   Yes, in communicating /disseminating / using the results of the project 

13a Will the project generate outputs (expertise or scientific advice) which could be used by 

policy makers? 

   Yes – as a primary objective (please indicate areas below- multiple answers possible) 

   Yes – as a secondary objective (please indicate areas below - multiple answer possible) 

   No 

13b  If Yes, in which fields? 

Agriculture  
Audiovisual and Media  

Budget  

Competition  
Consumers  

Culture  

Customs  
Development Economic and 

Monetary Affairs  

Education, Training, Youth  
Employment and Social Affairs 

 

 

 

 

 

 

 

 

 

 

 

Energy  
Enlargement  

Enterprise  

Environment  
External Relations 

External Trade 

Fisheries and Maritime Affairs  
Food Safety  

Foreign and Security Policy  

Fraud 
Humanitarian aid 

 

 

 

 

 

 

 

 

 

 

 

Human rights  
Information Society 

Institutional affairs  

Internal Market  
Justice, freedom and security  

Public Health  

Regional Policy  
Research and Innovation  

Space 

Taxation  
Transport 

 

 

 

 

 

 

 

 

 

 

 

http://europa.eu/pol/agr/index_en.htm
http://europa.eu/pol/av/index_en.htm
http://europa.eu/pol/financ/index_en.htm
http://europa.eu/pol/comp/index_en.htm
http://europa.eu/pol/cons/index_en.htm
http://europa.eu/pol/cult/index_en.htm
http://europa.eu/pol/cust/index_en.htm
http://europa.eu/pol/dev/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/educ/index_en.htm
http://europa.eu/pol/socio/index_en.htm
http://europa.eu/pol/ener/index_en.htm
http://europa.eu/pol/enlarg/index_en.htm
http://europa.eu/pol/enter/index_en.htm
http://europa.eu/pol/env/index_en.htm
http://europa.eu/pol/ext/index_en.htm
http://europa.eu/pol/comm/index_en.htm
http://europa.eu/pol/fish/index_en.htm
http://europa.eu/pol/food/index_en.htm
http://europa.eu/pol/cfsp/index_en.htm
http://europa.eu/pol/fraud/index_en.htm
http://europa.eu/pol/hum/index_en.htm
http://europa.eu/pol/rights/index_en.htm
http://europa.eu/pol/infso/index_en.htm
http://europa.eu/pol/inst/index_en.htm
http://europa.eu/pol/singl/index_en.htm
http://europa.eu/pol/justice/index_en.htm
http://europa.eu/pol/health/index_en.htm
http://europa.eu/pol/reg/index_en.htm
http://europa.eu/pol/rd/index_en.htm
http://europa.eu/pol/tax/index_en.htm
http://europa.eu/pol/trans/index_en.htm
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13c   If Yes, at which level? 

   Local / regional levels 

   National level 

   European level 

   International level 

H Use and dissemination  

14.    How many Articles were published/accepted for publication in 

peer-reviewed journals?  

Articles/papers 9/9 

Presentations 24/24 

To how many of these is open access
2
 provided? All presentations 24 

       How many of these are published in open access journals?  

       How many of these are published in open repositories? 9 

To how many of these is open access not provided?  

       Please check all applicable reasons for not providing open access:  

        publisher's licensing agreement would not permit publishing in a repository 

        no suitable repository available 

        no suitable open access journal available 

        no funds available to publish in an open access journal 

        lack of time and resources 

        lack of information on open access 

        other
3
: …………… 

 

15. How many new patent applications (‘priority filings’) have been made?  
("Technologically unique": multiple applications for the same invention in different 

jurisdictions should be counted as just one application of grant). 

1 

16. Indicate how many of the following Intellectual 

Property Rights were applied for (give number in 

each box).   

Trademark 1 

Registered design   

Other  

17.    How many spin-off companies were created / are planned as a direct 

result of the project?  

0 

Indicate the approximate number of additional jobs in these companies:  

18.   Please indicate whether your project has a potential impact on employment, in comparison 

with the situation before your project:  
  Increase in employment, or  In small & medium-sized enterprises 

  Safeguard employment, or   In large companies 

  Decrease in employment,   None of the above / not relevant to the project 

  Difficult to estimate / not possible to quantify    

19.   For your project partnership please estimate the employment effect 

resulting directly from your participation in Full Time Equivalent (FTE = 

one person working fulltime for a year) jobs: 

 

Indicate figure: 

 

 

 

 

                                                      
2
 Open Access is defined as free of charge access for anyone via Internet. 

3
 For instance: classification for security project. 
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Difficult to estimate / not possible to quantify 

 

 

 
 

I Media and Communication to the general public  

20. As part of the project, were any of the beneficiaries professionals in communication or 

media relations? 

   Yes  No 

21. As part of the project, have any beneficiaries received professional media / communication 

training / advice to improve communication with the general public? 

   Yes  No 

22 Which of the following have been used to communicate information about your project to 

the general public, or have resulted from your project?  

  Press Release  Coverage in specialist press 

  Media briefing  Coverage in general (non-specialist) press  

  TV coverage / report  Coverage in national press  

  Radio coverage / report  Coverage in international press 

  Brochures /posters / flyers   Website for the general public / internet 

  DVD /Film /Multimedia  Event targeting general public (festival, conference, 

exhibition, science café) 

23 In which languages are the information products for the general public produced?  

  Language of the coordinator  English 

  Other language(s)   

 
 

 

Question F-10: Classification of Scientific Disciplines according to the Frascati Manual 2002 (Proposed 

Standard Practice for Surveys on Research and Experimental Development, OECD 2002): 

 

FIELDS OF SCIENCE AND TECHNOLOGY 

 
1. NATURAL SCIENCES 

1.1  Mathematics and computer sciences [mathematics and other allied fields: computer sciences and other 

allied subjects (software development only; hardware development should be classified in the 

engineering fields)] 

1.2 Physical sciences (astronomy and space sciences, physics and other allied subjects)  

1.3 Chemical sciences (chemistry, other allied subjects) 

1.4  Earth and related environmental sciences (geology, geophysics, mineralogy, physical geography and 

other geosciences, meteorology and other atmospheric sciences including climatic research, 

oceanography, vulcanology, palaeoecology, other allied sciences) 

1.5 Biological sciences (biology, botany, bacteriology, microbiology, zoology, entomology, genetics, 

biochemistry, biophysics, other allied sciences, excluding clinical and veterinary sciences) 

 

2 ENGINEERING AND TECHNOLOGY 

2.1 Civil engineering (architecture engineering, building science and engineering, construction engineering, 

municipal and structural engineering and other allied subjects) 

2.2 Electrical engineering, electronics [electrical engineering, electronics, communication engineering and 

systems, computer engineering (hardware only) and other allied subjects] 

2.3. Other engineering sciences (such as chemical, aeronautical and space, mechanical, metallurgical and 

materials engineering, and their specialised subdivisions; forest products; applied sciences such as 
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geodesy, industrial chemistry, etc.; the science and technology of food production; specialised 

technologies of interdisciplinary fields, e.g. systems analysis, metallurgy, mining, textile technology 

and other applied subjects) 

 

3. MEDICAL SCIENCES 

3.1  Basic medicine (anatomy, cytology, physiology, genetics, pharmacy, pharmacology, toxicology, 

immunology and immunohaematology, clinical chemistry, clinical microbiology, pathology) 

3.2 Clinical medicine (anaesthesiology, paediatrics, obstetrics and gynaecology, internal medicine, surgery, 

dentistry, neurology, psychiatry, radiology, therapeutics, otorhinolaryngology, ophthalmology) 

3.3 Health sciences (public health services, social medicine, hygiene, nursing, epidemiology) 

 

4. AGRICULTURAL SCIENCES 

4.1 Agriculture, forestry, fisheries and allied sciences (agronomy, animal husbandry, fisheries, forestry, 

horticulture, other allied subjects) 

4.2 Veterinary medicine 

 

5. SOCIAL SCIENCES 

5.1 Psychology 

5.2 Economics 

5.3 Educational sciences (education and training and other allied subjects) 

5.4 Other social sciences [anthropology (social and cultural) and ethnology, demography, geography 

(human, economic and social), town and country planning, management, law, linguistics, political 

sciences, sociology, organisation and methods, miscellaneous social sciences and interdisciplinary , 

methodological and historical S1T activities relating to subjects in this group. Physical anthropology, 

physical geography and psychophysiology should normally be classified with the natural sciences]. 

 

6. HUMANITIES 

6.1 History (history, prehistory and history, together with auxiliary historical disciplines such as 

archaeology, numismatics, palaeography, genealogy, etc.) 

6.2 Languages and literature (ancient and modern) 

6.3 Other humanities [philosophy (including the history of science and technology) arts, history of art, art 

criticism, painting, sculpture, musicology, dramatic art excluding artistic "research" of any kind, 

religion, theology, other fields and subjects pertaining to the humanities, methodological, historical and 

other S1T activities relating to the subjects in this group]  

 

 
 


